Abstract In order to investigate the effects of secondary electrons, which are emitted from the wall, on the performance of a thruster, a one-dimensional fluid model of the plasma sheath in double walls is applied to study the characteristics of a magnetized sheath. The effects of secondary electron emission (SEE) coefficients and trapping coefficients, as well as magnetic field, on the structure of the plasma sheath are investigated. The results show that sheath potential and wall potential rise with the increment of SEE coefficient and trapping coefficient which results in a reduced sheath thickness. In addition, magnetic field strength will influence the sheath potential distributions.
Introduction
The Hall thruster, shown in Fig. 1 , is a kind of advanced electric propulsion device [1, 2] , which has been widely used in the station keeping and attitude control of satellites. In particular, it has become the best choice for spacecraft propulsion due to its high specific impulse and high efficiency. In the Hall thruster chamber, because of the high ratio of wall surface area to the volume of chamber, a strong interaction between plasma and the insulation wall forms a plasma sheath [3∼5] . The secondary electrons emit from the wall and are trapped partly by the sheath when the electrons collide with the ceramic wall. The electrons are bound in the magnetic lines of force by the Lorentz force. So electrons as well as secondary electrons can hardly cross the magnetic field [6, 7] , and the characteristics of the plasma sheath and the specific impulse characteristics of the thruster are influenced.
The fluid model was first introduced in the Hall thruster by HOBBS [8] to study the influence of SEE on a plasma sheath. AHEDO [9, 10] found that partial trapping of secondary electrons in a Hall thruster increases the energy loss of the electrons deposited on the wall, which limits the maximum temperature of the electrons. At present, ion magnetization [11∼14] is the main factor in the research of plasma sheaths. Furthermore, neither a dynamic model nor a fluid model is used for Hall thruster plasma sheaths with secondary electron magnetization [3, 15, 16] . It is necessary to study the magnetized sheath, which reveals the most important physics phenomena in Hall thrusters. In this paper, secondary electrons are magnetized with their initial velocities paralleled to the direction of the electric field. The structural characteristics of the magnetized sheath are presented for different magnetic field magnitudes and directions, different SEE coefficients and different trapping coefficients. A self-consistent sheath model and a fluid simulation are described in section 2. Results and discussions are presented in section 3. The paper ends with a conclusion.
Formulation of the model
The geometry of the magnetized sheath region is shown in Fig. 2 . In order to focus on the SEE effects, a one-dimensional model in configuration space and a three-dimensional model in velocity space are considered, because the sheath thickness is much lower than the inner wall dimensions. The plasma is magnetized by an external uniform magnetic field with angle θ to the x axis in the (x, z) plane. The electron density n e takes the form of Boltzmann distribution n e =n e0 exp(eφ/T e ),
where φ, T e , n e0 are sheath potential, electron temperature and electron density at the sheath edge (x = 0), respectively. For steady plasma without considering collision and ionization, ions and secondary electrons are treated as a cold fluid depending on the continuity equation and momentum equation [17] ∇
where m s , T s , n s , v sx and v s are mass, temperature, density, velocity in the x axis and velocity vectors of secondary electron. m i and n i are the ion mass and ion density, while v ix and v sx are ion and secondary electron velocity in the x axis, respectively. The trapped secondary electrons density satisfies the formula below [18] 
where γ t is the trapping coefficient and n f is the trapped secondary electrons density. γ is defined as the SEE coefficient
where j ew and j sw are the current density of the electron and the secondary electron at the wall. And the value of γ depends only on the temperature of charged particles and wall materials. The current and sheath edge satisfies the conservation of current density at the wall (x = x w ), and the quasi-neutrality of plasma at the sheath edge (x = 0) is expressed as
where j iw , j fw are ion current density and trapping secondary electron current density. n i0 , n s0 and n f0 are respectively the ion density, secondary electron density and trapped secondary electron density at the sheath edge. Finally, the system is completed with the Poisson equation
where ε 0 is the vacuum permittivity. For simplicity, normalization is taken
2 )] 1/2 is the Debye length. Using these dimensionless quantities, Eqs. (1)∼ (5) and (9) can be written as
By introducing the Sagdeev potential V (Φ) [17] , Eq. (17) can be written as 
Eq. (20) is the Bohm criterion for the sheath with secondary electron magnetization. According to Eq. (20), the ion velocity required to enter the sheath is influenced not only by the SEE coefficient γ and the trapping coefficient γ t , but also by azimuth angles θ and dimensionless parameter m is and δ.
Eqs. (6) and (7) can be written as
By using energy conservation of the secondary electrons, we have
where u sxw , u sx0 , Φ w are the secondary electron initial velocity, velocity at the sheath edge and wall potential. Relations between u ix0 , δ and Φ w are expressed in Eqs. 
Numerical results and discussion
In the following numerical simulation, we adopt t s = 0.01, n 0 = 10 12 cm −3 , u sy0 = − (∂Φ/∂ξ)| ξ=0 sin θ/β, (∂Φ/∂ξ)| 0 = 0.01, m is = 1836 × 131, and define ξ w = x w /λ D as the sheath thickness. The secondary electron velocity in the z axis is assumed to be zero.
Effects on wall potential
The effects of SEE coefficient, trapping coefficient and azimuth angles on wall potential are shown in Fig. 3(a) and Fig. 3(b) . According to Eqs. (5) and (6), the secondary electron density rises with the increase of SEE coefficient and trapping coefficient, which slows the movement of electrons and minimizes the potential barrier in the sheath. Meanwhile, the larger the azimuth angles, the higher the potential barrier reached, which results in a secondary electron velocity increment. So, as shown in Fig. 3 , wall potential increases with the rise of SEE coefficient and trapping coefficient, but drops down with the increase of the azimuth angles of the magnetic field. Fig. 4(a) and Fig. 4(b) show the profiles of sheath potential with different SEE coefficients and trapping coefficients, and Fig. 4(c) and Fig. 4(d) show the sheath potential as a function of position under different magnetic field excitation. The results indicate that sheath potential increases with the rising of SEE coefficient and trapping coefficient owing to the reduction of sheath barrier. And the higher strength of magnetic field contributes to the slowing down of the transport of electrons, which reduces the sheath barrier, as a result, sheath potential increases with increasing magnetic field strength. Fig. 6(a) shows the effects of SEE coefficient and trapping coefficient on sheath thickness, and Fig. 6(b) shows the relation between sheath thickness and the azimuthal angles of the magnetic field. The secondary electron density increases and the sheath potential barrier decreases as the SEE coefficient and trapping coefficient increase. In addition, the sheath thickness decreases with the rising of SEE coefficient and trapping coefficient, and increases with the rising of azimuthal angles of magnetic field, since the increment of azimuthal angle contributes to the sheath potential barrier.
Profiles of sheath potential

Effects on sheath thickness
Conclusion
In conclusion, the Sagdeev potential method was used to calculate the Bohm criterion of the sheath with secondary electrons magnetized and trapped in a Hall thruster chamber. The criterion is applied as a boundary condition to discuss the sheath structure by using a fluid model. It is concluded that wall potential increases with the rising of SEE coefficient and trapping coefficient, which means that the decrease of the absolute value of potential leads to a reduced potential barrier. Therefore, the sheath thickness would be thinner and the sheath potential as well as the secondary electrons density would be higher. In addition, sheath potential increases with the rising of magnetic field strength, and the sheath thickness increases while the azimuthal angles of magnetic field rise. Thus, secondary electron magnetization plays a significant role in the sheath potential distributions, secondary electron density distributions and sheath thickness. The results indicated in this paper can contribute to the understanding of the characteristics of a plasma sheath in a Hall thruster chamber and provide a theoretical guide for thruster design.
